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The influences of cell density, differentiation, and medium 
calcium levels on glycosaminoglycan biosynthesis were eval-
uated in cultured human eJ?idermal keratinocytes. Following 
metabolic labeling with l35SJ-sulfate and [3HJ-glucosamine 
under steady state conditions in "high" medium calcium 
(> 1.0 rnMol), the majority of sulfated glycosaminoglycans 
remained associated with the cell layers, whereas hyaluronic 
acid, which was present in smaller amounts than the sulfated 
products, was about equally distributed between the medium 
and the cell layers. Of the sulfated glycosaminoglycans, hep-
aran sulfate and chondroitin 4/6-sulfate were the major spe-
cies and were present in roughly comparable amounts, 
whereas dermatan sulfate was quantitatively the lesser of the 
products. 
G lycosaminoglycans (GAGs)', a group of complex an-ionic polysaccharides, occur in a wide variety of con-nective tissues and cells as both free carbohydrate polymers and in covalent linkage "to proteins (the " proteoglycans). Despite the ubiquitous distribution 
of these substances, relatively little is known about the precise bio-
logical functions of GAGs, with perhaps the exception of the carti-
lage proteoglycans. Information on chemical structure, cellular syn-
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1 Abbreviations: 
CP: cell pellet 
C4/6S: chondroitin 4- and 6-sulfates 
OS: dermatan sulfa te 
EGTA: ethylene glycol bis(beta-aminoethyl ether)-N.N·-tetraacetic 
acid 
EGTA/TS: EGTA and trypsin supernatants obtained in GAG extrac-
tion (see Materials alld Methods) 
GAG: glycosaminoglycan 
HA: hyaluronic acid 
HBS: HEPES buffered saline 
HEK: human epidermal kcratinocytc 
HS: heparan sulfate 
SAM: substratum attached material 
The effects of "low" medium calcium (0.3 and 0.025 111M) 
were complex, although a consistent decrease in the incorpo~ 
ration of the [3H]-glucosamine precursor was found at high 
cell density, probably reflecting a decrease in its intracellular 
specific activity. In "high" calcium cultures, there was a 
strong inverse correlation (r = -0.92) between keratinocyte 
cell number and cellular production of sulfated glycosamino-
glycans, whereas no such relationship was evident in cultures 
grown in "low" calcium medium at comparable cell density. 
Because keratinocyte differentiation is inhibited in the low 
calcium conditions, the results suggest that the decrease in 
production of sulfated glycosaminoglycans by confluent ker-
atinocytes may actually correlate with differentiation rather 
than with cell number.] bwest DermatoI91 :492 - 498, 1988 
thesis and processing, and recently on the nucleotide sequences of 
cDNA clones isolated for certain pr~teoglycal1 core proteins is avail-
able, yet conclusive evidence remains lacking in support of sugges-
tions that cell associated GAGs/proteoglycans are involved in cell 
growth control, membrane receptor function, adhesion, and ex-
pression of the transformed phenotype (for review, see Ref 1). 
GAG biosynthesis has been studied in pig [2-5] and human [6] 
skin organ cultures. Human epidermal keratinocyte (HEK) culture, 
which has provided a useful in vitro model for analyzing the mecha-
nisms responsible for the growth and differentiation of epidermis 
(see Ref 7 for review), has also been utilized for the study of GAG 
biosynthesis. Proliferating HEKs cultured on 3T3 feeder layers 
have been characterized for their GAG content [8,9], and the effects 
ofSV 40 transformation on GAG synthesis have been reported [10]. 
Previously, we have studied cellular GAGs in HEK cultures and 
demonstrated qualitative and quantitative alterations in the sulfated 
GAGs during the transition from active growth under preconfluent 
conditions to steady-state growth in confluent, terminally differen-
tiated cultures [11]. The data have suggested possible biological 
relevance for these substances in the biochemical mechanisms in-
volved in epidermal differentiation. 
Hennings et al [12] have shown that mouse epidermal keratino-
cytes cultured in low calcium-containing medium « 0.1 mMol) 
fail to differentiate. Hawley-Nelson et al [13] demonstrated that 
HEKs grow optimally at a calcium concentration of about 0.3 
mMol; using a different culture system, Boyce and Ham [14] con-
firmed optimal growth of HEKs at this calcium concentration and 
showed that under these conditions cultured HEKs were poorly 
differentiated. The present communication describes studies de-
signed to extend our previous observations on the correlation be-
tween terminal differentiation, which occurs at confluence, and 
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GAG synthesis in HEKs. Additionally, cultivation of HEKs in low 
calcium medium was exploited as a means of separating the effects 
of cell number, confluence, and differentiation on the GAG pheno-
type. 
MATERIALS AND METHODS 
Chromatographic media were from Phannacia (Piscataway, New 
Jersey) and Bio Rad Laboratories (Richmond, California). GAG 
markers for gel filtration consisted of bovine lung heparan sul fate 
prepared as described (15), and chondroitin 6-sulfate and human 
umbilical cord hya luronic acid purchased from Sigma Chemical 
Company (St. Louis, MO). O ligosaccharide standards used for elec-
trophoretic identification of nitrous acid deamination products have 
been previously described [1 6], as has the preparation of Flavobac-
terial heparinase [17]. Chondroitillase ABC was purchased from 
Sigma, and Pronase from CaIBiochem-Behring Corporation (La 
Jolla, California). Tissue culture grade Petri dishes were from 
Corning Glass Works (Corning, N ew York), Dulbecco's Modified 
Eagle medium and penicillin-streptomycin were obtained from 
Gibco, and collagenase was from Cooper Biomedical (Malvern, 
Pennsylvania) . N ew England Nuclear Corporation (Boston, Massa-
chusetts) supplied D-[6-3H(N)]-Glucosamine HCl (30 Cijmmol) 
and Na235S0 4 (1 Ci/mmol) . 
Keratinocyte Culture Primary HEK cultures were derived from 
neonatal foreskins. The culture procedures, based upon the method 
ofRheinwald and Green [18 , 19J, were as previously described [11] . 
Low (0.3 and 0.025 mMol) calcium medium was made from cal-
cium-free Dulbecco 's Modified Eagle medium and chelexed serum 
[20]. Calcium concentration of complete medium was measured by 
flame photometry. Confluence was determined by inverted phase 
contrast microscopy. Biochemical markers of differentiation con-
sisted of the 67 kDa keratin and profilaggrin, as reported [21,22]. 
All HEK cultures were judged to be free of contaminating fibro-
blasts by phase microscopy. 
Labeling and Extraction of Keratinocyte-derived GAGs 
The general procedures followed those of Piepkorn et al [11] . In 
brief, duplicate primary or secondary HEK cultures poorly differen-
tiated and in active growth (preconfluent) or ill a steady state of 
growth and well-differentiated (1 week postconfluence) [23] were 
labeled for 48 h in complete growth medium containing 60 ,uCi/ml 
(J5S]-sulfate and 10 uCi/ml [3H]-glucosamine; the calcu lated fina l 
specific activity of the su lfate label was 70 mCi/ mmol. 
The 3T3 fibroblast feeder layers were removed before labeling 
the preconfluent cultures by incubation with 0.02% EDTA for 5 
min at 37 °C, using forceful pipetting under phase microscopy in-
spection to dislodge the fibroblasts . After labeling, the medium was 
removed from the cultures and pooled with a HEPES buffered saline 
(HBS) was h of the cell layers. Then, 0.5 mM EGTA in HBS was 
added to th e dishes for 45 min at 37 °C, and cell detachment was 
fac ili tated with a rubber policeman. The cel ls, pelleted by centrifu-
gation (500 g for 5 min), were treated with 0.25% trypsin in Hanks' 
balanced salt solution for 20 min at 37"C, recentrifuged, and the 
cell pellets (CP) separated from the supernatants. The EGTA and 
trypsin supernatants were combined for each culture into a single 
preparation call ed the "EGTA/TS" , containing those GAG species 
which were cell membrane-associated. Labeled material remaining 
on tb e dish surfaces was removed with 2% sodium dodecyl sulfate 
for 30 min; the resu ltant supernatants were designated the sub-
stratum attached m.aterial (SAM) and contained components of the 
extracellul ar matrix [11 J. 
Analytical methodology One miligram each of hyaluronic acid , 
chondroitin 6-sulfate, heparan sulfate, and dermatall su lfate was 
added to each of the GAG preparations as carriers. They were then 
digested with pronase (0.5 mgjml in 0.1 M Tris buffer, pH 7.3) for 
2 d, and residua l protein was precipitated with 10% trichloroacetic 
acid at 4°C for 1 d. Sodium acetate was used to neutralize the 
supernatants, which were then dialyzed aga inst deionized water and 
lyophilized. Reconstituted GAGs were applied to a 1.0 X 3.0 em 
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column of Dowex 1 X 2 in 0.2 M NaCI and eluted stepwise with 
0.2,0.5, and 3.0 M NaCI. Hyaluronic acid in the 0.5 M fraction and 
the sulfated GAGs in the 3.0 M fraction were desalted by dialysis 
and chromatographed on a 0.5 X 60 cm column of Sephadex G50 
Superfine equilibrated in 0.2 M NaCI with 10% ethanol. Void 
volume fractions containing the carrier GAGs were pooled and 
their radioactivity determined prior to enzyme digestion. Digests 
were analyzed by Sephadex G50 chromatography following se-
quential treatment with testicular hyaluronidase and chondroitillase 
ABC [24]; quantitative differences between th e two digestions were 
taken to reflect the content of dermatan sulfate . Completeness of 
digestion was established for the carrier GAGs by cellulose acetate 
electrophoresis at each step. Remaining chondroitinase-resistant 
material was analyzed either by heparinase digestion [1 6] or by 
nitrolls acid deaminative degradation at pH 1.5. Products from the 
latter procedure were characterized by a combination of chromatog-
raphy on Sephadex G25 and DEAE-Sephadex and electrophoresis 
on Whatman 3MM paper [11]. Genera l anal ytica l methods were as 
previously cited [11]. DNA analysis of the culture extracts was by 
the method of Vytasek [25]. 
RESULTS 
Keratinocytes Cultured in Low and High Calcium Concen-
trations The data depicted in Figs 1 - 3 provide an analysis of the 
GAGs present in the cell layers and medium ofHEKs metabolically 
labeled with [35S]-sulfate and [3H]-glucosamine. Following cultiva-
tion in high calcium-containing medium, almost all of the labeled 
sulfated GAGs extracted from the cell layers (Fig 1) declined from 
preconfluent to confluent conditions when the DPMs were normal-
ized to th e DNA content of th e cultures, consistent with previously 
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Figure 1. Glycosaminoglycan biosynthesis by keratinocytes grown in high 
calcium-containing medium. Values for the histogram represent averages 
from duplicate cultures of a si ngle experiment. The panels on the left depict 
results from the proli ferating, preconfluent cultures, and the panels on the 
right depict those from confluent, differentiated cultures. For each growth 
condition, the products have been separated into three operational ly-created 
compartments associated with the cells prior to the analyses. The ope" bars 
depict the [3Hj-glucosamine, and the stippled bars the [35Sj-sulfate, content of 
the GAG classes. Note differences in scale for the supernatant and the SAM 
and CP preparations. Based upon radiosulfate incorporation, the levels of the 
sulfated-GAGs normalized to the DNA content of the cultures decline from 
preconfluent to confluent growth conditions. (HA, hyaluronic acid; HS, 
heparan sulfate; DS, dermatan sulfate; C4/6S, chondroitin 4- and 6-sulfate; 
SlIpcma rolll, pooled material obtained by treating cells sequentia lly with 
EGTA and trypsin, according to protocol in Methods; SAM, substratum-at-
tached material; CP, cell pellet remaining after extractions for the Superna-
tant). 
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Figure 2. Glycosaminoglycan biosynthesis by keratinocytes under low cal-
cium (0.3 mMol) conditions. Values are averages of duplicates from a single 
experiment. Data are presented as in Fig 1 (see legend for details). Note that 
there is less tendency for the sulfated GAGs to decline from preconflucnt to 
confluent conditions, based upon (3sS]-sulfate incorporation per microgram 
DNA, when compared with results obtained under normal calcium concen-
trations (see also Fig 4 and 5). Although the striking decline in [JH]-glucosa-
mine incorporation into the sulfated GAGs from preconfluent to confluent 
growth conditions appears to support the observation of decreased biosyn-
thesis during this growth transition, the declines are disproportionate rela-
tive to the (3sS]-sulfate label. 
reported observations [11]. With the exception of hepar an sulfate in 
the CP, this effect was observed for the three classes of sulfated 
GAGs (heparan, dermatan, and chondroitin 4/6-sulfates). Quanti-
tatively, the labeled product within the EGTA/TS accounted for 
most of the GAGs associated with the cell layers. Note that [3SS]_ 
sulfate/[3H]-glucosamine ratios change relatively littl e during the 
growth transition. Present and past studies from our laboratories 
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Figure 3. Glycosaminoglycans secreted into medium by keratinocytes 
grown in high and low calcium (0.3 mMol)-containing medium. Refer to 
Fig 1 legend for definitions. In these averages of duplicates from a single 
experiment, all GAGs decline from the preconfluent to confluent growth 
conditions. Values for chondroitin 4- and 6-sulfates and derma tan sulfate 
were pooled for the histogram bars designated CS. 
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have shown cellular content of hyaluronic acid to be less than that at 
the sulfated GAGs and have further failed to demonstrate a consist, 
ent quantitive change in hyaluronic acid during the shift from active 
growth to growth-inhibition at high HEK density. 
When the preceeding results were compared with those obtainec( 
from HEK cultures grown under low calcium (0.3 mM) conditions 
(Fig 2), where HEKs do not differentiate upon reaching confluence 
[14] differences were evident. The [3SS]-sulfate-labeled GAGs were 
lower in preconfluent cells in low calcium compared to those of 
cells in high calcium, whi le the labeled GAGs in confluent cells 
were about the same or slightly higher than were respective cultures 
in high calcium. Thus, there was less tendency for the (3sS]-sulfate_ 
labeled GAGs of the cell layers to decline from preconfluence to 
conflu ence. More notable, however, was the substantia l decline in 
the (3H]-glucosamine content of the GAGs during the growth tran_ 
sition, resulting in a marked shift in the sulfate/tritium ratios within 
each of the sulfated GAGs. The basis for this change was subse_ 
quently found to be an alteration in [3H]-glucosamine specific activ_ 
ity when confluent HEKs are cultured in low calcium-containing 
medium, as explained in a following section (Altered [3H]-glucosa_ 
mine specific activity in low calcium cultures). Based upon the variable 
specific activity for the glucosamine isotope, its incorporation can-
not be re lied upon under low calcium conditions for quantitative 
comparisons of GAGs, which is best accomplished with the (3sS]_ 
sulfate label. 
An analysis of the medium recovered from HEKs grown under 
both calcium conditions is depicted in Fig 3. The amount oflabeled 
product present in the medium represented less than half of that 
associated w ith the cell layer (Fig 1). In analogy with GAGs in cell 
layers in high calcium medium (Fig 1), sulfated GAGs in the me-
dium declined from preconfluent to confluent conditions (panels a 
and b); however, in contrast to data shown in Fig 2, levels of sulfated 
GAGs in the medium of cells grown in low calcium were compara-
ble to those of cells grown in high calcium and appeared to decline 
during the growth transition (panels c and d). Moreover, hyaluronic 
acid content declined somewhat on a cellular basis in both low and 
high calcium. 
Effects of Low and Very Low Medium Calcium Concentra-
tions A dose response effect of medium calcium concentration on 
GAG synthesis was sought in HEK cultures using concentrations of 
0.3 and 0.025 mM (Fig 4). The results indicate that GAG synthesis 
under both conditions was quite simil ar and that the cellular content 
of su lfated GAGs declined modestly from preconfluent to confluent 
conditions at both calcium concentrations. An increase in the (3sS]-
sulfate/[3H]-glucosamine ratio due to a sharp decrease in incorpora-
tion of the tritium label was apparent during the preconfluent to 
confluent transition under both concentrations as well. Thus, no 
dose response effect of medium calcium concentration exists below 
0.3 mMol calcium; rather, it likely represents a threshold phenom-
enon. 
In order to determine if the effect is reversible, cultures grown to 
confluence in each of the two calcium concentrations were 
swi tched to medium containing the normal concentration of the 
cation at the time of labeling with the isotopic precursors (Fig 4e, (). 
The pronles of each GAG class are basically unchanged compared to 
the respective cu ltures kept in low calcium medium during labeling 
(panels b and d), and, in particular, the marked decline in incorpora-
tion of [3H]-glucosamine by the confluent cultures is unchanged. 
The results reflect, therefore, an irreversible influence of low me-
dium calcium concentrations on [3H]-glucosamine incorporation 
under these conditions after transition of the cu ltures to confluency. 
Relationship Between Cell Density and Production of Sul-
fated GAGs Results from Fig 1 and a previous publication [11] 
have suggested an inverse correlation between cellular content of 
sulfated GAGs and density of the HEK cultures, particularly under 
high calcium concentrations. To illustrate the effect, cumulative 
results to date, including low calcium cultures, are plotted in Fig 5. 
This analysis represents the collated results from 24 cultures, 
whereas each of the preceeding figures depicted data from a lesser 
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Figure 4. Glycosaminoglycan synthesis under rwo low calcium conditions. 
Data are from the EGTA/TS supernatant only and represent averages of 
dup licates from one experiment. Panels a and b represent keratinocytes 
grown in 0.3 mM calcium-containing medium, whereas/ancls c and d 
represent cultures grown in 0.025 mM calcium. In e and ,the duplicate 
cultures were grown in 0.3 and 0.025 mM calcium, respectively, unti l 1 
week after confluence was reached; they were then switched to high calcium 
medium at the beginning of the 48- h incubation with the isotopic precur-
sors. 
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Figure 5. Effect of total keratinocyte DNA content of cultures on the 
incorporation of [3SS]-sulfate into sulfated glycosaminoglycans. T he data are 
from three separate experiments totaling 24 cultures, and all sulfated GAG 
classes of each cel lular compartment of a given culture arc pooled for the data 
points of [3sSJ-sulfatc GAG DPMs/micrograrn DNA versus total DNA 
content of that culture dish. For cultures grown under normal ca lcium 
concentrations (solid circles), the data indicate a very strong inverse correla-
tion between the two parameters. In contrast are the cultures grown in low 
calcium (either 0.3 or 0.025 mM), which are indicated by the opeu circles. 
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number of duplicate cu ltures. When the high calcium cultures are 
analyzed separately (solid circles in the Figure), it is evident from the 
linear regress ion plot that a very strong inverse correlation exists 
between [35S}-sul fate GAG DPMs/).lg DNA and the total DNA in 
the culture (reflecting the culture density), with r = -0.92 (p < 
0.001 by the t distribution). T he similarities of the [35S}-sulfate/ 
[3H}-glucosamine ratios between the products of preconfluent and 
con flu ent HEK cultures in hi gh calcium (Fig la,c,e vs . b,dJ) show 
that the apparent quantitative differences do not merely reflect dif-
ferences in GAG sulfation patterns between the two conditions. For 
the low calcium cultures, in contrast, the data points are quite scat-
tered, and the linear regression analysis yields a correlation coeffi-
cient of -0.32, w hich is not statistically significant. This latter 
result indicates either that there is no correlation between the two 
variables in low calcium cu ltures or that experimental variation 
obscures any re lationship. If the former is true, then we could con-
cI ud e that the inverse correlation in high calcium is a function of 
HEK differentiation rather than cu lture density, based upon the fact 
that in low calcium differentiation is inhibited at confluence. 
Altered [3H]-Glucosamine Specific Activity in Low Calcium 
Cultures Data £resented in Fig 2-4 suggest a general increase in 
the [35S}-sulfate/ l3H}-glucosamine ratios in confluent, low calcium 
cu ltures compared with confluent cultures grown in high calcium. 
This can be clearly seen, for example, by directly comparing the 
histogram bars in panels b, d, and J between Figs 1 and 2. A quantita-
tive ana lys is of this low calcium effect at confluency on the ratios is 
contained in Table 11 where the data from the low calcium cultures 
have been broken down by GAG class and compartment of origin 
and where the preconfluent and confluent cultures are presented for 
comparison. With occasional exceptions, the results show a sub-
stantial increase in the ratio values from preconfluent to confluent 
growth conditions under the two low calcium conditions. From the 
raw data , it is evident that a marked decline in the (3H}-glucosamine 
incorporation, rather than increased su lfate incorporation, is re-
sponsible for the change (not shown). Switching the cultures to 
hi gh calcium medium 1 week after confluence at the time of label-
ing, as described in a previous section, does not reverse the phenom-
enon. 
We next soug ht evidence to substantiate the hypothesis that the 
foregoing observations are based upon a reduction in the [JH}-glu-
cosamine specific activity when HEKs cultured in low calcium-
conta ining medium reach confluence. Such a possibility could 
clearly explain reduced tritium incorporation into GAGs as com-
pared with incorporation of [35S}-sulfate, resulting in the increased 
isotope ratios presented in Table 1. The test of the hypothesis in-
vo lved an analysis of isotope incorporation into oligosaccharide 
degradation products of heparan sulfates produced by low pH ni-
trous acid deaminative depolymerization . The basis for this analyti-
cal approach rests with the premise that ratios of isotope incorpora-
tion into structurally well-characterized products should not 
change between different culture conditions, provided that the in-
tracellular specific activities of the isotopes do not vary with the 
growth conditions. 
Accord ing to the preceeding rationale, we subjected the heparan 
su lfates produced by HEKs cultured in low and high calcium to 
nitrous acid depolymerization, in each instance analyzing material 
from both preconfluent and confluent culrures. The resultant prod-
ucts were then separated by a combination of electrophoresis and 
chromatography, using well-defined standards to assign the struc-
ture of the deaminated products, as previously described [11}. Re-
su lts from these studies are presented in Table III. The data show 
that for each specific oligosaccharide product derived from con-
fluent HEKs the isotope ratios increased from the high to the low 
ca lcium condition. Thus, the expectation for constant specific activ-
ities of the isotopic precursors was not met. We can conclude, there-
fore, that a reduction in th e effective [3H)-g lucosamine specific 
activity occurs in the high cell density, low calcium cultures. 
Because increased consumption of the glucosamine isotope under 
confluent conditions would result in lowering its effective specific 
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Table I. [35S]-Sulfate/[3H]-Glucosamine Ratios Among Glycosaminoglycans' 
Glycosaminoglycan 
Heparan Sulfate Dermatan Sulfate Chondroitin Sulfate 
[Calcium] Growth Condition EGTA/TS SAM EGTA/TS SAM EGTA/TS SAM. 
0.3mM preconfluent 0.12 0.15 0.17 0.28 0.23 0.4~ 
0.3mM confluent 0.33 0.29 0.50 0.51 0.15 0.26 
switchb confluent 0.39 0.36 0.43 0.64 0.37 0.15 
0.025 mM preconfluent 0.08 0.08 0.19 0.47 0.09 0.15 
0.025 mM confluent 0.32 0.39 0.45 0.18 0.24 0.44 
switchb confluent 0.27 0.23 0.41 0.45 0.28 0.36 
• Each value is the average of duplicates and represents the isotope ratios for each of the GAG classes broken down for the cell compartment of origin. ~ 
b Cultures were grown in either of the rwo low calcium condi tions until 1 week afterconAuence, then switched to medium conta ining normal calcium concentrations at the time of 
the 48 h incubation with the isotopes. Note that, in general, the "switch" docs not reverse the relatively hi gh values of the conAuent, compared with the preconfluent, growtl\ 
conditIOn. 
activity. isotope-containing medium was analyzed electrophoretic-
ally before and after labeling of the cultures in both low calcium 
concentrations (0.3 and 0.025 mM) and compared with the migra-
tion of free isotope standards. No significant change was seen in 
inorganic PSS]-sulfate DPMs in the medium after its use in labeling 
the HEK cultures under all calcium conditions (not shown). For the 
glucosamine isotope. only - 85% of the original label migrated 
with authentic free standard after its addition to the medium. but 
prior to use in labeling the cultures. implying that - 15% bound to 
components of the medium. Unlike the sulfate label there was a 
decrease in free [3H]-glucosamine after the medium had been used 
to label the cultures. Because the data. however. showed no differ-
ence in the free isotope fraction between preconfluent and con-
fluent growth conditions (not shown). it appears that availability of 
free label is not what is rate-limiting at high cell density. As such . it 
is inferred that the apparent decrease in [3H]-glucosamine specific 
activity in high density. low calcium cultures described in the fore-
going paragraphs may well reflect altered cellular transport or meta-
bolic utilization. 
DISCUSSION 
In this paper we confirm previous studies of [35S]-sul fate and [3H]_ 
glucosamine GAG labeling in preconfluent and confluent cultured 
human epidermal keratinocytes [11] and demonstrate an inverse 
correlation between keratinocyte number (cell density) and sulfated 
GAG production. We dissociated the influence of differentiation 
and increased cell number in confluent cells by culturing keratino-
cytes in medium containing low (0.3 mMol or less) calcium. In 
Table II. [3sSJ-Sulfate/[3HJ-Glucosamine Ratios for Heparan 
Sulfate Deamination Products' 
Medium Calcium 
Concentration 
Growth HONO 
Condition Product High Low (0.3 mM) 
Preconfluent Tetrasaccharide: 
monosulfated 0.06 0.03 
disulfated 0.10 0.09 
Disaccharides: 
monosulfated 0.11 0.08 
disulfated 0.19 0.09 
Confluent Tetrasaccharide: 
monosulfated 0.07 0.21 
dislllfated 0.12 0.34 
Disaccharide: 
l11onosulfated 0.10 0.32 
disulfated 0.17 0.56 
• Values represent averages of pooled data from the various cell compartments. Note 
the hi gh values obtained under confluent growth conditions in low calcium, resulting 
from reduced ['H)-glucosamine incorporation into these products. Oligosaccharides 
(i .e .• hcxasaccharide and longer) arc not included because they arc not structurally 
characteri zed. 
doing so. we show that the inverse correlation between sulfated 
GAG production and DNA concentration is present in confluent. 
differentiated keratinocytes (grown in high calcium medium) but 
not in confluent. undifferentiated keratinocytes (grown in low cal, 
cium medium). suggesting that the differences in sulfated GAG 
production arc due to differences in differentiation and/or reduc, 
tion in the growth fraction and not to increased cell number per se. 
In addition. we demonstrate a decrease in ['H]-glucosamine incor-
poration into GAGs in confluent HEKs grown in low calcium. 
likely due to a decrease in intracellular specific activity. 
The finding of molecular differences between proliferating and 
differentiated cells may provide general insight into the control 
mechanisms involved in the differentiation process. The hypothesis 
of this and previous studies [11] is that GAGs and proteoglycans 
function in the growth control of HEKs. Because it has become 
increasingly evident that the peripheral cell membrane constitutes a 
principal locus for growth control. in part through transducing the 
effects of extracellular matrices on intracellular events. the predom-
inantly cel l membrane location of these substances could certainly 
reflect their participation in such a function. 
In vitro studies with SV40 transformed HEKs [10] and human 
squamous carcinoma lines [26.27J have demonstrated a transforma-
tion dependent decrease in hyaluronic acid production by the cells 
and an increase in sulfated GAGs. either chondroitin sulfate [27J or 
heparan sulfate [26]. suggesting that augmented synthesis of certain 
sulfated GAGs may be associated with the transformed phenotype 
or that the ability to synthesize basement membrane products. of 
which some GAGs are components. is lost as keratinocytes termi-
nally differentiate. The proteoglycan nature of su lfated GAGs in 
murine keratinocytes. their changes with confluency. and the mod-
ulating influences of medium calcium concentration have been re-
ported more recently [28]. Our studies and those from other labora-
tories have shown that epidermal cells synthesize and express the 
major GAG classes in vitro. Other investigators have found hyal-
uronic acid to be the predominant GAG of pig skin [4.5] and of 
cultured HEKs [8 - 10.29] and have shown heparan sulfate to con-
stitute the predominant su lfated GAG in HEKs [8 -10]. We have 
previously reported that hyaluronic acid is not the predominant 
GAG produced by HEKs and that galactosaminoglycans (chondroi-
tin 4/6-sulfate. dermatan sulfate) appeared to the major species of 
su lfated GAGs. although the ratio relative to heparan sulfate varied 
somewhat in an apparent density-dependent manner [11]. The 
present studies suggest that when dermatan sulfate is analytically 
separated from the chondroitin sulfates. heparan sulfate may indeed 
be the major species of GAG produced by HEKs. Overall. however. 
the apparent ratios of these sulfated GAGs differ between experi-
ments and with the growth status of the culture [11]. The reasons 
for the discrepancy in reported hyaluronic acid content are unclear 
but may be explained by differences in preparative methods or in-
complete recovery of individual products. 
The effects of the low « 1.0 mMol) medium calcium 011 HEK 
GAG synthesis are complex. Culture in low calcium medium was 
originall y shown by Hennings and co-workers [1 2] to maintain 
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murine kertinocytes in a proliferative condition at high cell density; 
mouse keratinocytes in confluent conditions in high calcium me-
dium, however, cease proliferating and enter terminal differentia-
tion. Similar inhibition of differentiation is seen in human keratino-
cytes cultured in calcium concentrations of up to 0.3 mMol [14] . 
We find that at hi gh cell density (1 week after confluence) low 
calcium conditions are associated with an apparent anomaly ill the 
incorporation of the [3H]-glucosa mine isotope. Because low pH 
nitrous acid deam ination studies of the heparan su lfates (Table II) 
indicate a reduction in the [3H]-gIucosamine labeling of oligosac-
charide products relative to the incorporation of the (35S]-sulfate 
precursor, it seems that a decrease in the effective specific activity is 
responsible. Further, because avai lable free [3H]-glucosamine in the 
medium is not reduced from preconfluence to confluence, the effect 
cannot be explained by red uced avai labi lity of the precursor. The 
studies leave open the possibility that defective transport and/or 
cellular utilization may be responsible for th e observed effects . Al-
ternatively, there may be increased endogenous production of glu-
cosamine from precursors such as glucose. Further work will be 
necessary to es tablish the precise basis of the observation. In any 
case, specific activity of the su lfate label does not appear to change 
with differences in ce ll density and in medium calcium content, and 
as such is better relied upon for quantitative comparisons of GAG 
products between HEK cultures. The possibi li ty remains that the 
inhibitory effects of low medium calcium on HEK differentiation 
may be due to alterations in a metabolic (glucosamine) precursor 
pool such as reported here. 
The principal observation of the present work, which has ex-
tended our initial studies [11] , is that a very strong inverse correla-
tion (r = -0.92, P < 0.001) exists between cel lul ar production of 
sulfated GAGs and the density of th e cultures. In the transition to 
high density in high medium calcium concentrations a quantitative 
reduction in the sulfated GAGs is found in the cell layers and in the 
medium at the end of the labeling period. The lack of observable 
consumption of inorganic P5S]-sulfate supports the conclusion that 
confluent cultures produce less of all sulfated GAGs. In this co ntext 
an analogy may exist in another experimental system for GAG 
studies, where a marked decrease in the cellular production of chon-
droitin sulfate [30] occurs during the transition of hepatocytes fr0111 
the late embryonic to the postnatal phenotype. The mechanism is 
not understood in our system or th e hepatocyte system, and it is 
certainly plausible that reduced su lfated GAG production m ay no t 
necessarily be responsible for the transition from active growth to 
terminal differentiation. 
W e have further examined the reduced production of sulfated 
GAGs in confluent HEKs under conditions oflow medium ca lcium. 
The rationale for this effort was that under such culture conditions 
the cells continue to proliferate despite high density and are inhib-
ited from terminally differentiating [12,14] . Therefore, we hypoth-
esized that if the strong inverse correlation between production of 
su lfated GAGs and cel l number is due, in fact, merely to the high 
density per se, then the low calcium HEK cultures should show the 
same resu lts. D ata presented in Fig 5 demonstrate tha t there is much 
less (i.e ., p > 0.05) tendency for high density HEKs to reduce their 
production of sulfated GAGs under these conditions. As such, our 
results imply that the decrease in synthesis of th ese substances may 
actually correlate best with a decrease in the growth fraction of the 
HEK cell population or with the differentiation process itself. We 
conclude by suggesting that leve ls of production of the GAGs be 
included among the molecu lar events which may corre late with the 
control of growth and differentiation in HEKs. 
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